Chinese mitten crabs are one of the largest species of invasive crustaceans in the Baltic Sea catchment basin. Due to their catadromous migration, they can serve as a vector for small organisms, transporting them over distances greater than 500 km. Research on various crab species has shown their notable role in the spread of microorganisms to new aquatic environments. The aim of this study was to determine the diversity and abundance of microorganisms migrating with the Chinese mitten crab on the densely-distributed setae found on their claws. Our analysis also considered the potential differences in the number and genera of microorganisms between male and female Chinese mitten crabs. The study consisted of forty-eight (48) crabs (sex ratio 1:1) fished with a fyke net during their intensive downstream migration in Lake Dąbie (which is the southern part of the Oder River estuary) between November 8 and 11 2017. In these Chinese mitten crabs, a rich microbiological flora was found, which can be divided into three basic groups: heterotrophic bacteria, yeasts, and fungi. Microorganism genus biodiversity on claw setae was greater in males than in females, although the total aerobic microbial count (TAMC), total halophile count (THC), and total combined yeasts and molds count (TYMC) showed no statistically significant differences between sexes. Phylogenetic analysis of PCR products and genetic taxonomic analysis of dominating strains in samples from crab claw setae showed the dominance of Bacillus tequilensis bacterium. The presence of these microbiologically antagonistic bacteria, capable of adapting perfectly to different environmental conditions, indicates that the crabs are capable of introducing potentially dangerous microorganisms into new ecosystems. Citation: Zatoń K, Bogusławska-Wąs E, Czerniejewski P (2019) The communities of microorganisms in the setae of invasive Chinese mitten crab (Eriocheir sinensis) in the southern Baltic catchment basin. Aquatic Invasions 14(4): 703-715, https://doi.
Introduction
Invasions by expansive non-native species are a major global problem and, according to the International Union for Conservation of Nature (IUCN) , are one of the most significant threats to biodiversity due to the unpredictable effects the emergence of a new species can have on the environment (Dittel and Epifanio 2009) . The introduction of non-native species of plants and animals into new ecosystems are in most cases the result of deliberate human activity (intentional introduction), although there are many cases of accidental introductions related to the increasing shipping, trade, and exchange of products (Casal 2006) .
In Polish waters, the largest group of alien species are invertebrates, namely crustaceans (Grabowski et al. 2006 (Grabowski et al. , 2007 . For example, as stated by Jażdżewski et al. (2005) , out of 56 species of higher crustaceans (Malacostraca) found on the Polish coast of the Baltic, nearly 20% are alien species (11 species). One of these is the Chinese mitten crab (Eriocheir sinensis H. Milne Edwards, 1853), a species originating from Asian waters (Dittel and Epifanio 2009) , currently the largest crustacean in the southern Baltic Sea basin, and simultaneously one of only two brachyuran species listed in the top 100 worst invasive species in the world. This species is also found in the List of Invasive Alien Species found in the Regulation (EU) No 1143/2014 of the European Parliament and of the Council of 22 October 2014 on the prevention and management of the introduction and spread of invasive alien species (Lowe et al. 2000; European Community 2014) .
The Chinese mitten crab is a catadromous animal with a migration range of over 500 km in European waters (Dittel and Epifanio 2009; Herborg et al. 2003) . Due to its migratory capabilities-up to 18.1 km per day (Herborg et al. 2003 )-this foreign crab may potentially transport various smaller organisms on the setae of its claws over far distances (Normant et al. 2013 ). These microscopic organisms, including protozoa, bacteria, and fungi (some of which are parasitic), can spread unnoticed by humans and cause infections in other aquatic organisms (Schrimpf et al. 2014) . This may pose a potential danger to new environments, especially during the period of autumn downstream migration (Dittel and Epifanio 2009; Czerniejewski and Wawrzyniak 2006) , a threat exacerbated by the steady growth in biomass of Chinese mitten crabs in various European waters (Czerniejewski 2010) .
The aim of this study was to determine the diversity and abundance of microorganisms transported by invasive Chinese mitten crabs on the setae found densely distributed over their claws and whether these organisms are sex-related.
Materials and methods
Chinese mitten crabs were caught with fyke nets between November 8 and 11 2017 during their intensive downstream migration (Czerniejewski and Wawrzyniak 2006) in Lake Dąbie. This reservoir is part of the estuary of the Oder River, in the catchment basin of the southern Baltic Sea (Figure 1 ). Eighty-nine (89) crabs were caught in fishing nets, of which 48 individuals with the largest carapaces and the most similar claw sizes were used for the research (24 females and 24 males). The captured specimens were weighed to an accuracy of 0.1 g on an electronic weight type Axis 2000B. Then, using an electronic caliper coupled to a computer, measurements were taken to an accuracy of ± 0.01 mm of carapace width (CW) as well as length and width of each pair of claws. The claws with similar surface areas were used for further analyses.
Microbiological collection and analysis
Selected pairs of claws, labelled by sex (F, M) and individual (1-24), were placed in sterile resealable bags and transported in refrigerated conditions to the laboratory. In the next stage, claw setae were scraped and washed with 100 ml of sterile water.
The samples were subjected to microbiological culture analysis. Halophilic microorganisms (THC) were cultured on SeaWater medium (SW: 1.4% NaCl; 0.0385% KCl; 0.24% MgCl 2 ; 0.055% NaHCO 3 ; 0.175% MgSO 4 ; 5% beff extract; 0.5% peptone, 2% agar), heterotrophic bacteria (TAMC) were cultured on enriched agar (M-PA: 50% agar; 11.7% NaCl; 1.3% beef extract; 5.7% yeast extract; 13.3% peptone; 18% peptone K), prototrophic microorganisms (total prototrophic count -TPC) were cultured on an R2A medium (0.05% peptone; 0.05% sucrose; 0.05% glucose; 0.05% yeast extract; 0.05% casein hydrolysate; 2% agar), yeasts and molds (TYMC) were grown on a potato glucose agar (PDA: 1.7% agar; 2.0% glucose; 0.4% potato extract), and coliform bacteria (total fecal count -TFC) were grown on a LPB medium (1% peptone; 0.5% lactose; 0.5% NaCl, 0.005% bromocresol purple). Analysis was performed using serial dilution and spread plate techniques. Cultures were incubated under conditions suitable for each group of microorganisms. Results were given as the total number of aerobic microorganisms, expressed in colony-forming units (cfu)/ml. For determination of coliforms, most probable number (MPN) index was used for readings. Through macroscopic analysis, dominant colonies were selected and sequenced.
Setae samples were analyzed for genotypic differentiation. To this end, DNA was sequenced according to the Genomic Mini AX protocol (A&A Biotechnology) using lyticase, lysozyme, and mutanolysin (Sigma-Aldrich). For amplification of the extracted bacterial DNA, the following primers were used -338G: 5'-CGC CCG GGG CGC GCC GCC CCG GGG GGG GGG GCA CGG GGG GAC TCC TAC GGG AGG CAG CAGT-3' and RP534: 5'-ATT ACC GCG GCT GCT GG-3' (Mrazek et al. 2008) . For the extraction of fungal DNA GCCATATCAATAAGCGGAGGAAAAG and LS2: ATTCCCAAACAACTCGA primers were used. PCR was performed on a final volume of 25 μL of reaction mixture with the following composition: 1.0 μL MgCl 2 , 2.5 μL dNTP, 2.0 μL of each primer, 1U Taq DNA polymerase (Eppendorf), 2.5μL polymerase buffer and 3.0 μL of DNA matrix, all dissolved in water. PCR was carried out in a thermocycler (Eppendorf) with the following thermal profile conditions: denaturation 180 s / 94 °C, 35 cycles: 60 s / 94 °C, 30 s / 55 °C, 60 s / 72 °C and final elongation 10 min / 72 °C (Muyzer et al. 1993 ). The obtained amplification products were electrophoretically separated by DGGE method in 8% polyacrylamide gel and stained with ethidium bromide (Hesham et al. 2011 ). The results of electrophoretic separation were visualized with UV radiation using the GelDoc apparatus (Bio-Rad). Analysis of the similarity of the obtained amplification profiles was performed using the UPGMA method.
Sequencing
PCR products for dominant bacterial strains were obtained from the reaction performed on 50 μL final volume with the composition: 5 μL DNA, 25 μL PCR Master Mix Plus High GC (A&A Biotechnology), 2 x 0.2 μL primers: B-all for (GAG TTT GAT CCT GGC TCA G) and B-all Rev (ACG GCT ACC TTA CGA CTTT) and for fungi: ITS1 (TTC GTA GGT GAA CTT GCG G) and ITS 4 (TCC TCC GCT TAT TGA TAT GC). Following sequencing (Macrogen), the obtained DNA profiles were subjected to phylogenetic analysis. Comparisons of the obtained DNA sequences of the 16S rRNA subunit for bacteria and the ITS region for fungi were performed using the BLAST program. Confirmation of the species identification was performed by A&A Biotechnology Poland.
Statistical analysis
The degree of microbiota dispersion within the groups of males and females was determined on the basis of the coefficient of variation of a given trait, based on the mean and standard deviation. The obtained values are given as the coefficient of variation V (in %). Depending on the obtained V, the results were interpreted as having low variability (V < 50%), moderate variability (50% < V < 100%), or high variability (V > 100%). The level of similarity of the isolated microorganisms was determined by cluster analysis using the method of weighted arithmetic means according to the Euclidean distance. However, in the analysis of similarities for the amplification profiles obtained, the UPGMA method was used in the Bio-Gene software. The levels of similarity of the obtained profiles (similarity index S) were determined by the Dice similarity coefficient = 3.0% Linear regression analysis was performed to test if the size of the claws (length and witdh) accounts for the total number of bacteria and total number of fungi found on the claws. The normality of distribution of results was evaluated by the Kolmogorov-Smirnov test, while the equality of variances was assessed by the Levene's test. The results of both tests (p > 0.05 in each of them) indicate the possibility of using linear regression analysis. In addition, ANOVA and the Tukey's post hoc test were performed in order to biometric traits of the claws and carapaces of males and females, and compare the quantities of microorganisms. The analyses were performed using the Statistica 13.1 software.
Results
The study found no statistically significant differences (p < 0.05) in the number of isolated bacteria between females and males. The only exception were gram negative coliforms (TFC), which were three times more abundant in males than in females (Table 1) . Moreover, it was confirmed that the crab claw microbiota consisted mainly of bacteria (10 5 -10 6 cfu/ml) with yeasts showing significantly smaller numbers (10 3 cfu/ml) (Table 1) .
A comparison of dispersion of the determined bacteria and fungi (V cf ) showed a high similarity between F and M, with the exception of halophilic bacteria (THC). This indicates that very similar mechanisms of regulating colonization by microorganisms are used in both sexes. For THC, TAMC, TYMC, and TFC, where 50% < V cf < 100%, the determined variability coefficients indicate a large dispersion of the microbiological profile. Differentiation of abundance determined by high V cf (Table 1) was considered to reflect the determination of individual properties influencing the formation of a specific microbiota, in which the environmental microflora may play a significant role. Only bacteria determined as TPC were characterized by low variability in the number of microorganisms (V cf < 50%), which may indicate their symbiotic relationship with the crabs. Detailed statistical cluster analysis did not indicate significant differences between microbial groups (Table 1 ). The only exception was the halophilic microflora isolated from females, for which the measure of differences between the studied crabs (M + F) was determined at 100% (Figure 2) .
Linear regression analysis was performed to test how the size of the claws (length and width) accounted for the total number of bacteria and total number of fungi found on the claws. However, linear regression analysis if relations between the total number of bacteria, total number of fungi, and size of claws (length and width) from which the test material was collected did not show statistically significant correlations (Table 2 ). In addition, ANOVA and the Tukey's post hoc test used to compare the biometric traits of claws and carapaces of males and females, showed statistically significant differences in the width of caparace, at p < 0.0008 (Table 3) .
The profile of the DNA complex isolated from the claws of the tested Chinese mitten crabs indicated a slight microbiological differentiation between the individuals. Both male and female samples showed the presence of populations with significant genetic similarity (S > 70%); however, electrophoretic separation, shown as a dendrogram in Figure 3 , made it possible to establish two independent groups-A and B-where B indicates the epibiota unique to females. In addition, the denaturing gradient gel electrophoresis (DGGE) profile for group B indicated high homogeneity (S > 90%), which may reflect a predisposition in females for carrying certain bacterial taxa. Separated genotypes with high homogeneity were established in samples taken from 58% of the examined females ( Figure 3) . Conversely, group A was characterized by much greater microbial diversity. Samples taken from the setae of all the examined individuals (both sexes) could be divided into two independent clusters with homogeneity at 90% > S > 80%. Group A-I was formed exclusively by genotypes of microorganisms obtained from 46% of males. Microorganisms from the remaining 42% of females and 54% of males did not show any species specificity and constituted the combined A-II group (Figure 3) .
The results of phylogenetic analysis of PCR products and genetic taxonomic analysis of bacterial strains in crab setae samples identify Bacillus tequilensis as the dominant bacterial species. In the case of fungal DNA sequencing results, Aspergillus fumigatus dominated.
Discussion
Depending on the inhabited area, Chinese mitten crabs live for an average of 1-5 years. Their life expectancy is closely linked to the time needed to reach full maturity and reproductive capacity (Veilleux and de Lafontaine 2007; Trivhkova et al. 2017 ). Due to their catadromous lifestyle, these crabs spend most of their lives in fresh and brackish waters. Brackish and marine waters are essential for its reproduction. The best habitats for this invasive species are river estuaries and lakes connected to them (Czerniejewski and Wawrzyniak 2006) . Lake Dąbie perfectly fits these characteristics. This lake, located in a branched system of the lower Oder River, Roztoka Odrzanska, the Szczecin Lagoon, the Straits of Piana, Dziwna and Swina and a part of the Pomeranian Bay, is considered to be a part of the estuary of the Oder River.
It is also a highly complex hydrographic system with high change dynamics (mainly currents and water levels), which are the result of variability in the river inflow and sea level fluctuations, as well as high susceptibility of the system to these changes (Chojnacki 1999; Czerniejewski and Wawrzyniak 2006; Wiśniewski et al. 2007 ). The specificity of this Tertiary estuary combining the Oder River, Lake Dąbie, the Szczecin Lagoon and the Pomeranian Bay facilitates the smooth movement of this invasive species both within the catchment of the South Baltic Sea and in inland waters (Figure 1 ). Its food web interactions, including its tendency to feed on snails, mussels, and sometimes fish eggs, has created a significant threat to native species in the environments which it has invaded (Škraba et al. 2013) . Additionally, its setae often contain numerous microorganisms and representatives of Nematoda and Bivalvia with potentially unknown effects on the new ecosystems (Normant et al. 2007 ). However, much more dangerous is the potential ability of these crabs to transmit Aphanomyces astaci (Oomycetes, Saprolegniales)-the mold responsible for the fatal crayfish plague-as observed by Svoboda et al. (2014) .
The crab's setae are colonized by a wide spectrum of microorganisms (Figure 3) . Their diversity reflects the species diversity of microorganisms with which the Chinese mitten crabs have been in contact during their migration. Statistical cluster analysis of the quantitative and qualitative structure of the isolated microflora supports the statement that females of this species are predisposed to transmit certain microorganisms, in this case halophilic bacteria (THC-F, Figure 2 ). It is difficult to unambiguously explain the reasons for this phenomenon. It may be suspected that this is due to the catadromous life cycle of these crabs and their tolerance to salinity at different stages of life. Young individuals use tidal currents to move into river systems. Most likely, the colonization effect of these microorganisms was already initiated during their stay in marine waters and the mature female Chinese mitten crabs may have been transported back to the waters of the Lake Dąbie with the autumn Baltic Sea eddies. In addition, the periodic sea water inflows result in the general hydrochemical profile of the lake being influenced by the saltwater estuary of the Szczecin Lagoon (Stepanowska et al. 2009; Nędzarek and Tórz 2009 ). The halophilic microorganisms transported together with these waters co-create microbiocenoses in new habitats which include the Chinese mitten crabs (Normant et al. 2007) .
Slower and less active females can serve as a reservoir for microorganisms as, during migration, less water rinsing the outgrowths of the cuticle claws allow for better adhesion and development of bacteria and fungi. However, total microorganism population is limited by the smaller number of setae on the females' claws.
In this study, microorganism genus biodiversity on claw setae of male Chinese mitten crabs was greater than in females (Figure 3 ). Although the total number of aerobic bacteria (TAMC), halophiles (THC) and fungi (TYMC) did not differ significantly between the sexes. Conversely, in intensively migrating males, their increased movement contributes to better filtration of organisms deposited on the setae, resulting in a similar number of microorganisms in both sexes despite the larger number of longer and more densely distributed setae in males.
An unambiguous assessment of the relationship between the microorganisms on E. sinensis is quite difficult. In most cases, its variability results from the fact that these crabs belong to the group of catadromous organisms, i.e. the variability of their environment (Najiah et al. 2010; Goffredi et al. 2014; Ding et al. 2017; Kim et al. 2017 ) is emphasized. Researchers indicate possible relation to climate change (Li et al. 2012; Liu et al. 2017; Ramachandrana et al. 2018) , trophic conditions (Drotz et al. 2010; Normant et al. 2013) , and food availability (Chen et al. 2015) .
Due to the economic importance of E. sinensis related to its commercial use in China and the ecological threat associated its invasive character, its microflora is becoming increasingly important in studies of epidemiology and the transfer of potentially dangerous microorganisms to new aquatic environments (Gasparich 2010; Wang 2011) .
Particularly worrisome are bacterial infections, which, although not common in crabs, may change the mineral content of their exoskeleton, resulting in the softening of the carapace and its eventual damage (Meng et al. 2010; Wang et al. 2011; Morado 2011; Zeng and Yeo 2018) . Serological and biochemical studies have shown that the most common bacteria causing infections in both crabs and humans were pathogens of the genera Vibrio, Bacillus, Acinetobacer, and Flavobacterium. Some of these bacteria, especially those of the genus Vibrio, have shown strong pathogenicity over a wide temperature range. Additionally, infected individuals, especially migratory crab species, are able to transfer microorganisms to other remote areas, posing an additional threat to native aquacultures (Collen et al. 2014; Lodge et al. 2012; Nghiem et al. 2013; Reynolds et al. 2013; Stahl et al. 2014; Yeo and Klaus 2014; Alamgir et al. 2015; Savvides et al. 2015; Patoka et al. 2016; Poesch et al. 2016) . As a result, the danger posed by the presence of the Chinese mitten crab in the southern Baltic catchment basin is due not only to the expansion of this invasive species itself, but the accompanying migration of undetected microorganisms non-native to our waters.
Of the microorganisms identified in this study, particularly noteworthy is the Gram-positive bacterium Bacillus tequilensis, a regular resident of ballast tanks (a known transport vector bringing Chinese mitten crabs to new areas). This endosporous and Bacillus subtilis-related microorganism has shown an ability to adapt to prevailing conditions in numerous new environments (Aanniz et al. 2014 ). Similar to most bacteria of the genus Bacillus spp., it has the ability to produce many compounds with a germicidal effect.
The metabolism of Bacillus tequilensis gives it a significant advantage in regards to its ability to survive in novel environments (Said et al. 2014; Tiwari et al. 2014; Chen et al. 2015; Sharma et al. 2015; Khuro et al. 2016; Rani et al. 2016; Manohar et al. 2017) . Like most bacteria of the genus Bacillus spp., it has an ability to produce many bactericidal compounds, which may contribute to its invasive character and antagonistic influence on the native microbiota of newly settled areas. Considering its adaptability and metabolism, detection of this bacterium in the samples studied indicates that the Chinese mitten crab may be a habitat of microbes with the new biological potential.
The dominance of this microorganism in the species structure of the crab microflora can be considered an effect of a competent strategy of protection against biological disease agents (Smith et al. 2012) . This is even more important as this study showed the common presence of Aspergillus fumigatus, a representative of fungi classified as ubiquitous saprophytes, which in the environment play an important role in the recycling of carbon and nitrogen. Due to its wide range of enzymatic activities, mainly chitinase, these fungi are considered to be the main cause of aspergillosis in aquatic organisms (Higgins 2000) .
The juxtaposition of dominant microorganisms allows for the determination of individual features of crabs which significantly influence the formation of their specific microbiota.
Summary
Non-native Chinese mitten crabs in the Baltic Sea catchment basin serve as vectors for various microorganisms. In this study, the observed number of bacteria and fungi was significantly higher than reported in studies involving other species of crabs. Despite the fact that males of this species are more active, move much faster during migration, and have much longer and denser setae on their claws, the total number of bacteria and fungi on setae did not differ significantly between sexes. It is likely that the higher activity level of male crabs results in reduced number but higher microbiological diversity through the more intense flow of water. The presence of Bacillus tequilensis bacteria in the samples from crab claw setae, a microbiologically antagonistic bacterium capable of perfectly adapting to different environmental conditions, indicates that the Chinese mitten crabs may be a suitable habitat for microorganisms with unknown potential and environmental impacts in new ecosystems.
